Existing gate-level probabilistic approaches to power estimation fail to accurately model the glitch filtering by inertial delays. This effect has an impact on the power dissipation of a circuit and should not be neglected, especially for dynamic power estimation of circuits with dynamic power optimization. We propose a new glitch filtering analysis using the dual-transition probability that captures the states of a node at two different time instances. Experiments show that probabilistic simulation and the tagged probability simulation (TPS) techniques, when enhanced by the dual-transition analysis, provide more consistent power estimation. For circuits with a large component of glitch power, up to 29% improvement in the estimation accuracy is obtained.
INTRODUCTION
Accurate power estimation methods are critical to IC designs. For gate level power estimation, the major power component is the switching power dissipated when signal transitions charge and discharge load capacitances [1] . Although leakage power is becoming more significant as device sizes shrink, an accurate estimation of switching power is always of great interest.
Most of the earlier probabilistic approaches for gate level switching power estimation [2] , [4] , [10] , [8] , [9] assume a zero delay model, thus neglecting all signal changes in the transient interval, which are known as glitches or hazards. The zero-delay techniques have been extended [11] for the real delay case to include the glitch power. The transition density approach [7] includes the glitch power in the estimation but makes the assumption that no two signals make simultaneous transitions. In probabilistic simulation (CREST) [5] , [6] and the tagged probabilistic simulation (TPS) [12] , [3] , probability waveforms are used to statistically model the signal activity including glitches. A major shortcoming of these techniques is that the glitch filtering effect is seldom considered. Glitch filtering effect refers to the fact that glitches with pulse width less than the gate inertial delay will be "filtered" out by the gate. Glitch filtering effect can therefore dramatically change the switching activity of gates. An accurate modeling of this effect is essential in power estimation, especially for applications concerning dynamic power optimization.
In this paper, we propose an improved glitch filtering method in probabilistic simulation based on a new measure, the dualtransition probability, which captures the states of a node at two different time instances. Our technique can be applied to both probabilistic simulation (CREST) [5] , [6] and TPS [12] , [3] . Experimental results show that the enhanced TPS achieves a more accurate and consistent power estimation than the original one. For certain circuits with a large component of glitch power, up to 29% improvement on estimation accuracy of total power is obtained.
BACKGROUND AND DEFINATIONS

Probability Waveform
A probability waveform w is a sequence of signal probabilities and transition probabilities over the signal transition interval [6] . Signal probability ( ) n sp t is defined as the probability of node n having logic 1 at time t. Transition probability is the probability of a signal transition at the node. We define transition probability ( ) s n P t as the probability that node n has a logic transition state {00,01,10,11} s ∈ at time t, 10 11 ( ) ( ) ( ) n n n sp t P t P t − = + , and 01 11 ( ) ( ) ( ) n n n sp t P t P t + = + . The average switching power of a node is calculated as
where f clk is the clock frequency, V dd is the supply voltage, C n is the load capacitance of node n and
is the transition density [7] of the node.
A tagged probability waveform [3] can be viewed as a partitioning of a probability waveform according to the initial and final steady state signal values. Four tagged probability waveform are defined for node n: ), represent the signal probability in tagged probability waveform xy n w , and , ( ) s n xy P t be the probability that node n has a logic transition state Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. 
Propagation of Waveform in TPS
In TPS, the macroscopic spatial correlations between steady state signal values (tags) are used to approximate the exact spatial correlations. The macroscopic correlation coefficient for tagged waveforms, , 
where , , , {0,1} x y w z∈ . The correlation coefficient is the ratio of the joint probability of two tagged waveforms and the product of the two individual tagged waveform probabilities.
Under the assumption that all correlations between any two states of different inputs at the same time instance are the same as 
P t d P t P t P t P t P t P t
The left hand side of each equation is the joint-tagged (by xy,wz) transition probability. All joint-tagged waveforms with the same output tag are combined together to form four tagged waveforms.
NEW GLITCH FILTERING METHOD
Original Glitch Filtering in TPS
The glitch filtering effect refers to subtraction of transition probabilities from probability waveforms. In TPS [3] , glitch filtering on joint-tagged waveform 
xy wz a b a xy b wz P t P t ω represents the probability that both rising and falling transitions occur at the output c at times t 1 and t 2 . This process is applied to each joint-tagged probability waveform before it is merged into four output tagged probability waveform.
Dual-Transition Probability
The above method for glitch filtering is imprecise. First, the glitches coming from the single input can not be filtered by this method. Second, even if we maintain the same assumption for the use of macroscopic correlation, the probability that both rising and falling transitions occur at t 1 and t 2 is not simply (11, 01) . Similarly, to have a falling transition at the output at t 2 +d, inputs (a, b) at t 2 should be (10, 10), (10, 11) or (11, 10) . To derive the probability that both transitions occur at t 1 and t 2 all nine possible cases of input states (at t 1 and t 2 ) must be considered.
For our new method of glitch filtering, we define dual-transition probability
sn sn n xy P t t as the probability of a joint event that node n has the state sn1 at time t 1 and the state sn2 at t 2 on the xy tagged probability waveform, where 1, 2 {00,01,10,11}
sn sn ∈ and , {0,1} x y ∈ . Then, the probability that both rising and falling transitions occur at t 1 and t 2 at the output of a two input AND gate can be calculated as 3 ω is still adopted to approximate the spatial correlations between two inputs. The output dual-transition probability is joint-tagged with (xy,wz). Similar to the merging of joint-tagged transition probabilities, joint-tagged dual-transition probabilities are added together according to their output tags to form a (single tagged) dual-transition probability.
New Glitch Filtering Method
With the dual-transition probability, the glitch filtering on jointtagged waveform , xy wz c w of a two input AND gate with inertial delay d can be described as follows. For a rising transition event at t 1 , all falling transition events at t 2 , 1 2 1 t t t d < < + , are subject to glitch filter. It means that the dual-transition probability 01 
This process is applied to each joint-tagged probability waveform before they are merged into four output tagged probability waveforms. Figure 1 shows an example of the process. Note that our new glitch filtering method is not an exact method in the sense that we ignored the higher order joint probabilities, i.e., probabilities of three or more transitions occurring simultaneously. To avoid the exponential increase of computation cost by propagation of such higher order joint probabilities, we only consider pairwise dual-transition probabilities. Experiments show that this method provides a good approximation for glitch filtering.
Dual-Transition Probability Propagation
Calculating Dual-Transition Probability
Dual-transition probability is propagated from the primary inputs toward the outputs of the circuit. The general equation for propagation of dual-transition probability is as follows, 
sn sn sn n xy n xy
is a valid sequence of states on n. Otherwise, 
Updating Probabilities after Glitch Filtering
Clearly, no two transitions can occur within the gate delay after the glitch filtering. Therefore, dual-transition probabilities need to be updated accordingly after the glitch filtering described in Section 3.3 is done. Defining [1] , [2] sn sn as the first (left) and second (right) bit of sn, the dual-transition probability is updated as follows. For t 1 
Estimation Accuracy
Our first experiment is done for simple tree structure circuit as shown in Figure 2 . The power estimates (in terms of transition density D x ) for nodes with maximum error are compared against those obtained from logic simulation in Table 1 . The percentage error is the ratio between the absolute error and the node power given by logic simulator. The original probabilistic simulation (ProSim) gives larger error because it neglects glitch filtering at nodes 26, 28, 30 and 31. Original TPS gives a larger error at nodes 30 and 31 because of inaccurate glitch filtering. For a tree structure circuit where no spatial correlation exists, our application to both ProSim and TPS has the similar accuracy.
More experiments have been conducted on ISCAS'85 benchmark circuits. Delay of each gate is assigned proportional to the number of fanouts. For each circuit, average node error (E avg ), standard deviation (σ) of the node error, and the error in total power (E tot ) are measured. Node errors are percentage errors with respect to the average node power obtained from logic simulation. Results are shown in Table 2 , where those of original probabilistic simulation are not included due to the space limit. The errors for those would be much larger than that of ProSim+DT because of the lack of glitch filtering.
For benchmark circuits, where reconvergent fanouts exist, ProSim+DT gives a larger error than TPS in most cases because it neglects spatial correlations. For TPS+DT, the improvement of estimation accuracy over TPS is significant for certain circuits, e.g., c432, c1355 and c6288. Up to 29% improvement on E tot is obtained. These circuits typically have a large component of glitch power. The estimation accuracy is significantly improved due to our new glitch filtering method.
From Table 2 , we can also find that TPS+DT gives a more consistent estimation over different circuits in terms of average and maximum errors. Table 2 . Estimation error comparison for benchmark circuits. We observe that TPS+DT gives the same or larger error than original TPS for certain circuits. This is due to the fact that estimation accuracy is jointly decided by the TPS and our glitch filtering method. The effectiveness of our new glitch filtering method is limited by the inherent errors in the TPS technique.
Computation Cost
For our implementation, the computation speed of TPS+DT is about 2-3 times faster than that of the logic simulation of entire vector sequence, while ProSim+DT is about 20-30 times faster and the original TPS is about two orders of magnitude faster than logic simulation. The computation complexity of TPS+DT is much higher because of the propagation of dual-transition probabilities. Since there is only one probability waveform for ProSim+DT, the computation cost of ProSim+DT is relatively lower and could be the best choice for tree structured circuits, where no spatial correlation exists among the signals.
CONCLUSIONS
Most existing gate-level probabilistic approaches for power estimation fail to accurately model the glitch filtering effect. However, this effect has a non-negligible impact on the power consumption of a circuit. In this paper, we propose an improved glitch filtering method using a new concept of dual-transition probability. Our method can be applied to both probabilistic simulation and TPS techniques. The enhanced TPS achieves a more accurate and consistent estimation than the original TPS. For certain circuits with a large glitch power, up to 29% improvement in estimation accuracy is obtained. Table 1 . Node by node switching power comparisons for the simple tree structure circuit.
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